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ABSTRACT
Experimental results from copper cones irradiated with ultra-intense laser light are
presented. Spatial images and total yields of Cu K, fluorescence were measured
as a function of the laser focusing properties. The fluorescence emission extends
into the cone approximately 300 um from the cone tip and cannot be explained by
ray tracing including cone wall absorption. In addition the total fluorescence yield
from cones is an order of magnitude higher than for equivalent mass foil targets.

Indications are that the physics of the laser cone interaction is dominated by pre-

plasma created from the long duration, low energy pre-pulse from the laser.



I. Introduction

While the basic idea for Fast Ignition (FI) driven Inertial Confinement Fusion (ICF) is
straightforward in concept', the actual realization of the technique, and particularly the injection
of igniter laser, relies upon a fundamental understanding of many complex physics issues,
ranging from laser-plasma interactions at high fields to high current charge transport through
dense plasmas. For example, the mechanisms governing laser light conversion into energetic
electrons (in number, energy and direction) must be measured and understood in order to provide
accurate scaling for laser driver development. The design of the fuel assembly in the target must
take into account the need for protecting the igniter laser path from the implosion plasma, thus
all but demanding the inclusion of a cone within the target.” Notably both the effect of the cone
on the implosion as well as the implosion on the cone must be understood’, the subsequent
interaction with the igniter laser must be modeled in detail. Finally, the physics of the electron
transport process from the generation point near the cone tip to the compressed fuel core needs
full characterization.’

Because it is likely that initial large scale FI laser systems will consist of multiplexing multiple
laser beams with modest f-numbers, techniques for combining beams in a coherent fashion to
deliver the laser light energy onto the fuel in a diameter of approximately 30 to 40 um will be
needed.’ Until such techniques are developed and demonstrated, cones will likely be called upon
to provide assistance in concentrating the ignition laser light onto the fuel. There have been
several recent studies on the interaction of intense light with cones and cone-like structures.
These include geometric effects via simulations and experiments.®'*

This paper discusses our recent explorations in laser-cone interactions. Section II describes the

experimental setup and relevant parameters. Section III presents experimental results for K,



yields, variable focusing conditions in cones, ray tracing and the effects of pre-pulse. A
discussion of dominant physics issues is given in section IV. Section V discusses the
implications for fast ignition while section VI offers conclusions.
I1. Experimental Setup

In an attempt to gain insight into the optical guiding of cones for fast ignition, we have
performed a series of experiments in which the focal properties of the laser were varied for a
given cone geometry. These measurements employed a low f/number input laser beam (/3)
focused into a 15° half-angle cone. These experiments were specifically designed to give us
experience in understanding optical guiding effects in cones including realistic laser pre-pulse.

All of the experiments described in this paper were performed on the Titan Laser at the Jupiter
Laser Facility at Lawrence Livermore National Laboratory. The laser operated at 1.054 mm with
a pulse duration of about 600 fs and a maximum energy of 150 J per shot, yielding a peak
focused intensity of about 10°° W/cm®. The short pulse was preceded by a ~3ns long ASE-
generated pre-pulse with a typical energy of about 14 mJ. This 10*:1 energy contrast leads to a
10%:1 intensity contrast on target, which gives a pre-pulse intensity of about 10" W/cm? for the
highest energy shots. We employed two types of targets for these studies: (a) 25 um thick copper
foils irradiated with s-polarization and (b) copper cones with 25 um wall thickness (equivalent
mass to that of 1 mm square foils).
I11. Results

A. Cone Wall Interactions

The first step in understanding the role of intense lasers interacting with cones is to study a
surrogate for the cone wall: flat foils irradiated at oblique angles of incidence. The laser was

focused onto 0.5 mm square, 25 micron thick copper foils at 75° angle of incidence, s-polarized



with respect to the target normal. Three measurements were made: 1) reflectivity relative to near
normal incidence at 28°, 2) total K, fluorescence yield relative to near normal incidence at 28°,
and 3) 2-dimensional images of Cu K, fluorescence from both sides of the foil.

Reflectivity measurements were made by collecting the specular reflection from the foil
targets on a piece of Spectralon™ scattering material and relaying the image to a calibrated CCD
camera. Although absolute numbers for the system are not yet available, the relative reflectivity
between near oblique and normal incidence was found to be substantial with the reflectivity for
75° about 20 times that from the near normal 28° incident case. In addition the absolute yield of
K fluorescence was measured using a Highly Oriented Pyrolytic Graphite (HOPG) spectrometer
absolutely calibrated with a single hit CCD (SHCCD) spectrometer: the yield from oblique foils
was lower by an order of magnitude with respect to near normal foils.

Two dimensional spatial images of the Cu K, fluorescence were obtained using spherically
curved Bragg crystal imagers.”” In particular the 25 pm thick Cu foils were used with transverse
dimensions of 0.5 mm. Measurements at near normal to the target normal showed a bright K,
emission spot roughly in the center of the foil with symmetric weak intensity enhancements at
the four corners. The corner fluorescence is a result of small numbers of energetic electrons
dispersing laterally and depositing their energy at the corner tips. In an attempt to observe
surface electron transport, similar foils were irradiated at 75° with respect to the target normal.
Any increase and/or asymmetry in the transverse velocity distribution were expected to be
revealed as an asymmetry in the edge fluorescence. Figure 1 shows typical data from these shots.
Unexpectedly, the only sign of enhanced K, emission on the foil are on the side opposed to the
laser propagation direction. Thus, we observe no strong evidence for the transport of energetic

electrons parallel to the target surface. It is important to note that such electrons could not have



been overlooked: The foils were thin enough to observe fluorescence throughout its bulk, and
surface fields build up too quickly to allow a significant number of electrons to escape without
fluorescing. Other groups have measured beamed electrons in vacuum and suggested that this is
due to surface transport.'* ' ' However, the total number of electrons escaping into vacuum in
these experiments is very small and the correlation of those electrons to the internal distribution
is weak at best.'® A simple argument sets the physical limits. To estimate the number of 1 MeV
electrons that can escape, model the target as a 1 mm diameter sphere. Target charging limits the
total number of 1 MeV electrons escaping into vacuum to approximately 10''. The total number
of hot electrons generated in the target is approximately 10" electrons based on 30% coupling of
laser light to hot electrons (and further reduced by an order of magnitude for oblique incidence).
Thus, fewer than 1% (at most) of the generated electrons escape. In terms of fast ignition there is
no relevant energy carried by such electrons.

Our studies of oblique compared to near-normal irradiation of foils reveal: 1) the reflectivity is
much higher, 2) the K, fluorescence yield is lower by an order of magnitude, and 3) there is no
obvious transport of electrons inside the target parallel to the surface in the laser direction. These
conclusions relate to s-polarization and we are currently preparing a similar study for p-
polarization where we anticipate even less reflection at oblique incidence.

B. Defocused Illumination of Cones

Laser-cone interactions were studied using both absolute K, fluorescence yield and 2-
dimensional K, imaging. Utilizing the same Cu K, Bragg imager described above,
measurements were made on Cu cones with a variety of focusing conditions. In all cases the
laser focus was aligned with the cone axis with the laser polarization axis approximately

perpendicular to the viewing direction. The cones were constructed of 25 pum thick copper with



an internal cone tip diameter of 30 um and an overall length of about 800 um. The cones were
supported by an end flange attached to two 25 um titanium stalks which were secured ~3mm
above a 3 mm diameter aluminum mounting post.

Figure 2 shows K, fluorescence images for four different defocusing conditions: (a) tight
focusing directly on the cone tip, (b) focusing the laser approximately 400 um beyond the cone
tip, (c) focusing the laser about 400 pum behind the cone tip, and (d) focusing the laser by 800 um
beyond the cone tip, which essentially fills the cone with the laser beam. The K, fluorescence
extends from the cone tip to about 300 um up the cone for all focusing conditions. The grid cone
structure superimposed on the fluorescence emission was derived by taking the manufactured
cone dimensions and projecting the geometry through the imaging system to the detector plane.
Due to the slight visibility of the end flange in the K, image, it is possible to uniquely orient the
cone with respect to the fluorescent image. Below each image is a line out along the cone axis
and averaged over several pixels. Integrating over more transverse pixels or even entire
transverse segments of the fluorescence does not change the essential feature of the line outs.
Note that the images for all three defocusing conditions (b-d) are very similar to each other as
well as to the tight focus shot in (a). As the focus is moved away from the cone tip there is an
indication that the fluorescence peak is shifting slightly away from the cone tip as well, although
nothing definitive can be said without more data. Figure 3 shows the overall common
characteristics of the fluorescence line outs. First, there is a steep rise in 50 um at the cone tip
which is followed by a broad extent of about 140 um. Finally, all the curves exhibit an
exponential decay with a scale length of about 140 um. (It is interesting to note the decay scale
length along the cone wall is equal to the scale length for K, fluorescence observed in cone wires

and nail targets due to electric inhibition from fields generated by return currents interacting with



the cold material.) The absolute fluorescence yields for all focusing conditions into the cones
(when normalized for laser energy) were nearly identical, and all were an order of magnitude
larger than equivalent shots on flat foils of identical masses

In summary, in our cone shots, we found that under a wide variety of differing focal
conditions, we not only recorded very nearly identical total K, yields, but nearly identical K,
fluorescence images as well: these images extended about 300 um up the cone from the tip.
C. Ray Tracing

The first step in developing a physical picture for the observed similarity in the K,
fluorescence for all cone shots was to use realistic optical ray tracing. The optical design
program FRED™ was used to study optical guiding for each of the focusing conditions
described above. Fig. 4 shows an example of optical guiding for the case of the 400 micron focus
beyond the cone tip which corresponds to the data shown in figure 2(b). Highlighted in black is a
sample ray showing the reflections, which shows that after the first reflection, subsequent
bounces have an angle of incidence less than 45° from the surface normal. This is important
because absorption for small angles of incidence with respect to the wall normal will be large.
Thus, while the ray tracing demonstrates optical guiding, a more complete picture must include
cone-wall absorption for a realistic picture of interactions near the tip. We used a simple
description of the absorption, based on high intensity absorption measurements at LLNL who
measured ~60-65% absorption at 10°° W/ecm® for 6° and 45° angles of incidence with p-
polarization.” Our model combines this information with the observation of 20x enhanced
specular reflection at 75° (albeit for s-polarization) to construct the angle-dependent absorption
fraction as a function of incidence angle fixed at 65% for all angles less than 55° followed by a

linear decrease to no absorption for glancing angles. The results of ray tracing using FRED™



including absorption are given in figure 5 where the graph shows the absorption in the cone wall
as a function of distance from the cone tip. Note that the cone-wall absorption becomes
significant only within 50 pm of the cone tip.

Although the details of the absorption values used in the ray tracing are not necessarily
complete, the basic observations remain the same. The only vital feature is an increased
absorption for angles of incidence less than about 55° with respect to the surface normal. Thus,
significant K, fluorescence emission from the Cu cone wall would only be expected within 50
pum away from the cone tip if there were no additional processes involved. However, the
observed K, images show strong emission for varied focal geometries out to 300 um from the
cone tip. This provides strong evidence that additional physics beyond simple cone-wall
absorption is important in understanding the interaction of intense laser light with the cone.

D. The Role of Laser Pre-pulse

The previous discussion using ray tracing relied on an ideal ultra-intense laser pulse
interacting with the target material. In reality all short pulse lasers have some amount of pre-
pulse which deposits non-negligible energy on the target up to nanoseconds before the ultra-
intense short pulse arrives. As mentioned in Section II the Titan laser produces a typical pre-
pulse energy of about 14 mJ spread over about 3 ns before the main short pulse.

The effect this pre-pulse has on pre-heating the cone material can be estimated using
information from our experiments on flat foils with interferometric side probing. Such
measurements on Titan yielded a pre-plasma with an axial scale length of about 100 pm and a
lateral scale length of about 50 um for a density out to ~10'® cc™. Importantly, recent work by
Baton ef al.,”* using side-on shadowgraphy through a cone-like structure with an open slit near

the tip, have shown the presence of pre-plasma over 100 um away from the cone tip for similar



pre-pulse levels. Recent calculations of the pre-pulse for a cone geometry similar that used in our
experiments indicate that the pre-plasma extends even further in a cone geometry than from a flat
target.”' The critical density for one micron light is pushed out to about 60 pm from the cone tip
with densities greater than 10%° cc” occurring out to a few hundred mm. We estimate that these
are the conditions into which the high intensity short pulse is focused into the cones.

IV. Discussion

To obtain a more complete picture of the interaction physics inside the cone we combine ray
tracing, wall absorption and the effects of pre-plasma. Lacking a complete, self-consistent model,
we use physical arguments to guide our interpretation of the data. The critical observations for
the pattern of Cu K, fluorescence are: 1) it is invariant with respect to the focal plane of the
laser, 2) it extends further up the cone than predicted by ray tracing, and 3) its extent is larger
than the radial spreading for equivalent mass and thickness flat foils. Finally we also observe that
the total fluorescence yield is significantly higher than flat foils of similar mass and thickness.
The increased total yield indicates a higher laser light absorption fraction.

In the absence of any pre-plasma, either inside or outside the cone, the cone represents an ideal
refluxing target. That is, without any additional conductive pathways, the electrons will be
roughly bound to individual cone walls via strong electrostatic sheath fields on both the inside
and outside of the cone walls, similar in principle to a thin flat foil. Laser absorption creates hot
electrons on the inner surface of the cone (or at least near it) and they subsequently traverse
through the cone wall into the vacuum outside the cone where they set up strong sheath electric
fields. These fields drive subsequent electrons back into the cone wall and hence into the cone
interior. In the absence of any plasma in the cone these refluxed electrons set up an interior

sheath field, and electrons reflux back into the cone wall, effectively interacting with the cone tip



region out to about 50 um. However, with pre-plasma filling in the cone, the interior sheath
fields are essentially shorted, and the first refluxing fast electrons from one interior cone wall can
diffuse through to the opposite wall as long as the fast electron density is less than the interior
plasma density. The substantial increased spreading of the K, fluorescence, independent of
where laser is focused, is due to the presence of this preformed plasma in the cone that makes the
final 300 um behave like a region of plasma in which the hot electrons can freely diffuse, even
thought the laser absorption occurs in the last 50 um. The density of energetic electrons in the
cone out to 300 um can be estimated using the same arguments made above regarding the
electrons escaping into vacuum, giving Ng,g ~ 10%° cc™!. These electrons excite fluorescence
when their paths intersect the dense wall region so emission occurs everywhere the electrons can
freely travel. Since the K, fluorescence imager is a time integrated measurement, it is impossible
to tell when the electrons interacted with a given part of the cone wall; it is sensitive only to the
average fast electron density over the course of the fast electron lifetime.
V. Implications for Fast Ignition

The previous discussion underscores the importance of understanding the physics of intense
laser light interaction with cones for realistic systems in the presence of pre-plasma. For FI, a
large number of electrons with energies between 1.5 and 2.5 MeV directed toward the
compressed fuel core with a small divergence angle must be produced. Although we observe
large total K, yields, our diagnostic records only the total fluorescence integrated over space and
time. We have shown with flat foil surrogates that there is no significant electron flow along the
metal surface, so the only way to generate the necessary electrons is to get the laser light to the
cone tip. Observations of increased fluorescence in cones is consistent with ray tracing models

that show multiple bounces as light nears the cone tip, and have little to do with where the
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energy is deposited. Imaging the hot-electron generated fluorescence in cones shows some
transport along the length of the cone - as much away from the tip as toward it. We suggest that
pre-pulse generated plasmas, shown here to be more extensive in the cone geometry, are
allowing this. More information is needed to discriminate the generation of electrons at the tip
from the rest of the cone.

In terms of large scale FI one major question is: What is the role of the pre-plasma in the
presence of a mid 10*° W/cm? laser field for which the light pressure may be high enough to
sweep up a significant amount of pre-plasma? If large scale igniter lasers maintain an energy
contrast of about 10*1, multi-kJ igniter lasers could produce up to a Joule of energy a few
nanoseconds before the main short pulse beam. Current experiments are being fielded to address
density profile steepening and subsequent fast electron generation. However, at this point, it
remains on open question whether the full igniter beam will be able to sweep up enough pre-
plasma to permit a clean interaction with the cone tip.

VI. Conclusion

In summary we have studied the interaction of intense laser light with FI relevant cones. Our
measurements are consistent with optical guiding in the cone, but we fail to detect the presence
of significant electron guiding along the surface or in the cone wall. While the cones provide
effective light guiding, the measured Cu K, fluorescence yields are most probably dominated by
effects of pre-plasma filling the cone interior. We propose that the plasma filling of the cone
provides a means for the fast electrons to be dispersed and scattered effectively throughout the
cone out to 300 mm away from the tip. It would appear that the even greater pre-pulse energies
on full-scale FI ignition lasers will enhance this effect. Further efforts are needed in order to

develop realistic point design criteria for fast ignition.
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Figure Captions

Figure 1. (a) 0.5 mm square, 25 um Cu foil irradiated by the laser at 28° with respect to the
normal. (b) identical target irradiated at 75°. The laser direction is right to left in this figure. The
intensity scale in (a) is a factor of 10 greater than in (b).

Figure 2. Cu K, fluorescence for varied laser focusing conditions. The top row shows spatially
resolved images of the fluorescence for the defocusing conditions illustrated in the schematic
diagrams in the middle row. The bottom row shows axial lineouts along the center line of the
cone image averaged over several pixels.

Figure 3. Axial lineouts from Figure 2 overlayed and normalized to the peak emission to show
overall similarity.

Figure 4. Ray tracing results for the case of the laser focusing 400 um beyond the cone tip. The
solid black lines show the typical ray path and the expanded region shows the 100 um nearest the
cone tip. For these rays the angle of incidence with respect to the cone wall becomes less than
about 45°.

Figure 5. Calculation from optical ray tracing including wall absorption showing the fraction of

absorbed laser energy along the length of the cone. Note that significant absorption only occurs
within about 50 um of the cone tip in the absence of preplasma.
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